Introduction
Hematopoiesis is tightly regulated, in part, by transcription factors, which act alone or in combination to drive the expression of specific target genes that are essential for lineage commitment (Kondo et al., 1997; Akashi et al., 2000a; Rosmarin et al., 2005) . Hematopoietic stem cell (HSC) express multiple transcription factors at low levels including PU.1, GATA-1, C/EBPa, E2A and others, which are selectively up-and downregulated to promote erythroid (GATA-1), myeloid (PU.1 and C/EBPa) and lymphoid (E2A) development (Hu et al., 1997; Akashi et al., 2003) . Targeted deletion and overexpression of these transcription factors in mice leads to enhanced progenitor proliferation and impaired terminal differentiation. In humans, mutation or deregulated expression of transcription factors are frequently observed in patients with leukemia and lymphoma, which are characterized by increased HSC/ progenitor cell proliferation and a block in hematopoietic differentiation (Tenen, 2003; Koschmieder et al., 2005; Rosenbauer et al., 2005) . Thus, a complete understanding of the transcriptional network regulating this developmental process should lead to an improved understanding of the leukemogenic process, and treatment of leukemia.
Id proteins are members of the helix-loop-helix (HLH) family of transcription factors that are expressed in many tissues (Norton, 2000; Yokota and Mori, 2002; Ruzinova and Benezra, 2003; Wong et al., 2004) . Id proteins competitively dimerize with other members of the HLH family (E2A, E2-2 and HEB), and inhibit their ability to bind DNA and transactivate specific target genes, which are required for the differentiation (Wilson et al., 1991; Jen et al., 1992) . In addition to their ability to block differentiation, Id genes are expressed in actively proliferating cells, and are known to promote cell proliferation by inhibiting the expression of p16 and p21, and the function of Rb (Lasorella et al., 2000; Pagliuca et al., 2000; Alani et al., 2001; Ohtani et al., 2001) . Thus, deregulation of Id gene expression could contribute to the development of cancer by disrupting these normal cellular processes. Human epithelial tumors derived from prostate, breast, ovarian, esophageal express high levels of Id1 compared to their normal cell counterparts, and inhibition of Id1 gene expression in breast cancer cell lines reduces their metastatic potential in vivo, and the highest levels of Id gene expression correlate with poor clinical outcomes (Lasorella et al., 2001; Ruzinova and Benezra, 2003; Sikder et al., 2003; Fong et al., 2004; Perk et al., 2005) . Thus, deregulation of Id gene expression may be a common mechanism for cancer cells to escape the normal cues for differentiation and proliferation.
Id genes are expressed in several murine and human hematopoietic cell lines, as well as normal bone marrow cells (BMC) (Kreider et al., 1992; Ishiguro et al., 1995; Quesenberry et al., 1996; Cooper et al., 1997) . High levels of Id1 mRNA are detected in purified primitive myeloid progenitors (common myeloid progenitor (CMP), granulocyte/macrophage progenitor (GMP)), whereas the levels are decreased during neutrophil differentiation (Cooper et al., 1997; Leeanansaksiri et al., 2005) . Based on these data, we hypothesized that deregulated expression of Id1 in hematopoietic cells might contribute to the development of myeloid malignancies. In this report, we show that overexpression of Id1 immortalizes myeloid progenitors in vitro, leads to a myeloproliferative disease (MPD) in vivo. Furthermore, we demonstrate that Id genes are expressed in human acute myelogenous leukemia (AML) cell lines and AML patient samples, and that knock down of Id1 expression inhibits AML cell line growth, suggesting that Id1 is important for leukemic cell growth. Therefore, Id1 may represent potential therapeutic target to prevent initiation of MPD or treat AML.
Results

Id1 enhances primitive myeloid progenitor cell proliferation and immortalizes bone marrow cells in vitro
We previously reported that Id1 expression increases during the early stages of myelopoiesis and overexpression of Id1 enhances proliferation of the EML progenitor cells (Leeanansaksiri et al., 2005) , suggesting that Id1 might promote primitive myeloid progenitor proliferation. To test this hypothesis, BMC were transduced with retroviral vectors that express Id1 and green fluorescent protein (GFP; MSCV-Id1-GFP) or GFP alone (MSCV-GFP). Transduced cells (GFP þ ) were sorted and then plated in myeloid colony assays. Id1-transduced (5FU-Id1) BMC showed enhanced colony formation in the presence of all hematopoietic growth factors (cytokines) tested (SCF/G-CSF, SCF/M-CSF and GM-CSF/IL-3) compared to control BMC transduced with MSCV-GFP (5FU-MSCV) (5FU-MSCV: 20.5 ± 0.5, 5FU-Id1: 229±5 with G-CSF/SCF; 5FU-MSCV: 19 ± 1, 5FU-Id1: 223 ± 35 with GM-CSF/IL-3; 5FU-MSCV: 3.5 ± 1.5, 5FU-Id1: 144 ± 16 with M-CSF/ SCF; Figure 1a ). Furthermore, 5FU-Id1 BMC showed increased colony size in the presence of all growth factors tested (Figures 1a and b) . Morphological analysis of 5FU-Id1 BMC from individual G-CSF/SCF-and GM-CSF/IL-3-induced colonies demonstrated increased numbers of immature myeloid cells including myeloblasts, promyelocytes and terminally differentiated granulocytes and macrophages (data not shown). Collectively, these data suggest that Id1 promotes increased proliferation and expansion of primitive progenitors and immature myeloid cells.
To determine the long-term proliferative potential of Id1-transduced BMC in vitro, transduced BMC were cultured in complete Iscove's modified Dulbecco's medium (cIMDM) containing four cytokines. 5FU-MSCV BMC and 5FU-Id1 BMC proliferated to the same extent over the first 2 weeks in cultures, whereas cells cultured in the absence of cytokine did not survive beyond 1 week (Figure 1c) . However, by the third and Figure 1 Effect of Id1 overexpression on bone marrow cells (BMC) proliferation in suspension and semisolid media. Mouse BMC were harvested 3 days after 5-FU treatment, and then transduced with MSCV-Id1-GFP (5FU-Id1) or MSCV-GFP (5FU-MSCV). (a) Sorted green fluorescent protein (GFP) positive cells were placed in semisolid agar media supplemented with cytokine combination as indicated (50 ng/ml hG-CSF, 100 ng/ml hM-CSF, 100 ng/ml mSCF, 20 ng/ml mGM-CSF, 30 ng/ml mIL-3). Colony forming units (CFU) from GFP positive cells were scored after 10 days. Data are presented as CFU per 5 Â 10 4 BMC±s.e.m. of duplicate plates. (b) Photographs demonstrating size and frequency of CFU; grid ¼ 2 mm. (c) Proliferation of sorted GFP positive cells in suspension culture with or without cytokines (100 ng/ml mSCF, 50 ng/ml hIL-6, 100 ng/ml hTPO, 100 ng/ml hFlt3L) in complete Iscove's modified Dulbecco's medium (cIMDM). Results are representative of two separate experiments.
Role of Id1 in myeloid leukemogenesis HC Suh et al Figure 2 Hematopoietic phenotype of cloned Id1 overexpressing bone marrow cells (BMC). BMC infected with retroviral vectors that express pMSCV-Id1-GFP were sorted and maintained in complete Iscove's modified Dulbecco's medium (cIMDM) with 10% fetal calf serum (FCS), P/S, 100 ng/ml mSCF, 100 ng/ml thrombopoietin (hTpo), 100 ng/ml hFlt-3L and 50 ng/ml hIL-6, then cloned by single cell culture. The stem cell factor (SCF)-dependent Id1 overexpressing green fluorescent protein (GFP) positive cells were maintained in cIMDM supplemented 100 ng/ml mSCF. over 16 h as measured from triplicate wells ± s.e.m. (f, g) For induction of myeloid differentiation, cloned cells were cultured with hG-CSF (100 ng/ml), mGM-CSF (100 ng/ml) or hM-CSF (100 ng/ml) for 5 days. Morphology and flow cytometry analysis of myeloid cell surface markers (Gr-1, Mac-1) on 5FU-Id1 Cl.2 cells after culture for 5 days in the indicated cyto were shown (Wright-Giemsa, Â 1000 magnification).
fourth week of culture, 5FU-Id1 BMC showed a significant increase in the number of viable cells compared to 5FU-MSCV BMC, which contained both proliferating and differentiating cells. Furthermore, 5FU-Id1 BMC escaped proliferative senescence and continued to divide for over 1 year in culture, whereas 5FU-MSCV BMC did not proliferate beyond 10 weeks. In addition, the 5FU-Id1 BMC were dependent on the presence of stem cell factor (SCF) for survival as >95% of the cells did not survive after 72 h when cultured in medium without mSCF. Collectively, Id1 promoted primitive hematopoietic progenitor proliferation, and combined with SCF, Id1 was sufficient to immortalize primitive BMC in vitro.
Id1 immortalizes SCF-dependent CMP-like cells that retain the ability to differentiate in response to G-CSF and GM-CSF in vitro To determine if the Id1-immortalized progenitors were blocked in differentiation at a particular stage of development, single-cell clones were derived by limiting dilution analysis (5FU-Id1 Cl.1, Cl.2 and Cl.3) and their morphology, immunophenotype and their ability to proliferate and differentiate in response to cytokine were evaluated. As expected, the 5FU-Id1 clones were GFP þ by flow cytometry and expressed additional levels of exogenous Id1-HA by western blot analysis (Figure 2a) . In morphological analysis, the majority of cells in the 5FU-Id1 clones were myeloblast-like cells with some promyelocytes and myelocytes ( Figure 2b ). Analysis of cell surface marker expression by flow cytometry demonstrated that the 5FU-Id1-cloned cells were c-Kit
lo/À (Figure 2c ), indicating that these progenitors were blocked at an early stage of myeloid development with an immunophenotype similar to CMP/GMP (Akashi et al., 2000b) . In addition, semiquantitative RT-PCR analysis of the 5FU-Id1 clones demonstrated that all clones express Gata-1, Gata-2, Pu.1 and Cebpa, which is most consistent with the expression pattern observed in CMP (Figure 2d ). Chromosomal analysis of 5FU-Id1 clones showed normal karyotype for the 5FU-Id1 Cl.2 and Cl.3, whereas 5FU-Id1 Cl.1 showed a deletion on one of the X chromosomes (data not shown). Furthermore, we analysed the 5FU-Id1 clones for their proliferative response to multiple cytokines in 3 H-thymidine incorporation assay and found that all clones proliferate in response to granulocyte colony-stimulating factor (G-CSF), granulocyte monocyte colony-stimulating factor (GM-CSF) and SCF and to a much lesser extent to monocyte colony-stimulating factor (M-CSF) and interleukin-3 (IL-3; 5FU-Id1 Cl.3), but not to EPO, TPO, IL-2, IL-4, IL-6 and IL-12, suggesting that the 5FU-Id1 clones respond to cytokine that support myeloid development ( Figure 2e ). We also evaluated the differentiation ability of the 5FU-Id clones in response to G-CSF, GM-CSF and M-CSF. We found that all 5FU-Id1 clones (5FU-Id1 Cl.2 shown) could be induced to differentiate into morphologically identifiable granulocytes and macrophages (Figure 2f ), and more than 97% of these cells expressed high levels of Gr-1 þ / Mac-1 þ (granulocytes), or Gr-1 þ /Mac-1 þ (macrophages) in cultures with G-CSF and GM-CSF in comparison to cell lines maintained in SCF (Figure 2g ), which only express moderate levels of Mac-1. Thus, the Id1 overexpressing BMC are CMP-like hematopoietic progenitors that are blocked in differentiation when cultured in SCF, however, these cells can be induced to differentiate into granulocytes and macrophages in cultures supplemented with G-CSF, GM-CSF and M-CSF.
Overexpression of Id1 in bone marrow cells induces a myeloproliferative disease in mice
Our results demonstrate that overexpression of Id1 in normal hematopoietic progenitors leads to immortalization of CMP-like cells in vitro, which suggests that overexpression of Id1 in vivo could result in a myeloproliferative disorder. Though we and another group had previously observed an increased myeloid development in the bone marrow (BM) and peripheral blood (PB) of mice transplanted with Id1-transduced BMC (Buitenhuis et al., 2005; Leeanansaksiri et al., 2005) , these mice were not further monitored to determine if they might have increased myeloid proliferation and progress to an MPD or an AML. Therefore, we transplanted mice with 5FU-Id1 and 5FU-MSCV BMC to evaluate their survival over the course of 1 year. All mice transplanted with 5FU-Id1 BMC became moribund and died in 1 year, whereas mice transplanted with mouse stem cell virus (MSCV)-transduced BMC survived ( Figure 3a ). Histopathological analysis of sick or moribund mice showed myeloid and erythroid hyperplasia in BM and erythroid hyperplasia in spleen ( Figure 3b ). In addition, myeloid cell infiltration was observed in the liver of sick animals. Furthermore, spleens of the 5FU-Id1 BMC transplant recipients were significantly enlarged (5FU-MSCV: 86.4±2.8, 5FU-Id1: 103.6±1.9 mg, Po0.01; Figure 3c ) and there was evidence of extramedullary hematopoiesis including increased numbers of Gr-1 þ /Mac-1 þ granulocytes, and Gr-1
macrophages in the spleens of these animals (data not shown). Complete blood counts of PB cells from sick mice showed consistent monocytosis and low hemoglobin and hematocrit levels. Furthermore, one mouse showed leukocytosis with blasts in the PB, a feature of chronic myelogenous leukemia in blast crisis (Supplementary Table S1 ). Increased numbers of immature myeloid cells were detected in BMC of sick mice transplanted with 5FU-Id1 BMC after 316 and 330 days by flow cytometry and cytocentrifuge preparations (Figure 3d ), and these BMC contained increased numbers of progenitors that could give rise to GFP-positive colonies in vitro (Figures 3e and f) . Based on observations from recipient mice transplanted with 5FU-Id1 BMC, and the diagnostic criteria of hematologic diseased mouse models (Kogan et al., 2002) , these mice were diagnosed with an MPD. In addition, cell lines with a CMP-like phenotype, similar to those derived from direct infection of BM, could be readily established by subculturing BMC from these sick mice in the media containing SCF (data not shown À cells that were cultured for 6 days in cytokines that promote myeloid development including GM-CSF, G-CSF/SCF, GM-CSF/IL-3, M-CSF/SCF and SCF/IL-3. These cultures contained many immature myeloid cells as well as granulocytes and macrophages at all stages of development by examination of Wright-Giemsa stained cytocentrifuge preparations (data not shown). Thus, Id1 protein expression increases during the early stages of human myeloid progenitor development, as it does in mouse hematopoietic cells.
Next, we measured the levels of Id1 expression in human leukemic cell lines by western blot analysis. Id1 was expressed in a number of myeloid cell lines including K562, UT-7, TF-1, MBO2, KG1a, THP-1, but not in the U937 or HL-60 leukemia cell lines, demonstrating that Id1 is constitutively expressed in some, though not all, myeloid leukemia cell lines (Figure 4b ). In comparison, Id1 is expressed at low levels in unfractionated BMC and purified populations of PB mononuclear cells (monocytes and lymphocytes; Figure 4a , lower panel), indicating that relatively high levels of constitutive Id1 expression are maintained in some myeloid cell lines. Furthermore, we detected both forms of Id1, Id1a (149 amino acids) and Id1b (156 amino acids), in some of leukemic cell lysates, however, to date no functional difference has been reported for Id1a and Id1b isoforms. In addition, Id1 was expressed in some of the T-cell lines (Jurkat, HUT78, CEM-SS and A301), and in one B-cell line (HF-Urba; Figure 4b ). Collectively, these results suggest that Id1 may be expressed in leukemic patients' samples and involved in the pathogenesis of leukemia. Therefore, we examined Id1 expression in AML or MDS patients' samples by western blot analysis, and measured Id1 protein expression with optical densitometry (OD). There were two distinct populations in patients group based on Id1 expression. Id1 was expressed at higher levels in 12 of 18 AML (patients diagnosed with AML-M1, -M2, -M4, -M5 and -M7) and 2 out of 2 MDS BMC compared to normal BMC (Figure 4c ), suggesting that Id1 protein is overexpressed in some, but not all myeloid malignancies.
To further study the relationship between human leukemic cells and Id1 expression, we analysed a cohort of 285 cases of primary AML for Id1, Id2 and Id3 gene expression that had been previously profiled for gene expression (Valk et al., 2004; Bullinger and Valk, 2005) . We found that within the 285 patient set, Id1 was expressed in 50 and Id2 was expressed in 55 of the patient AML samples, whereas the expression of Id3 was rare. Among 50 patients samples expressing Id1, 19 samples also expressed Id2 (Supplementary Table S2 ). Therefore, Id3 was not further analysed. Increased Id1 and Id2 expression levels were evenly distributed in French-American-British subtypes M1-M6 in this AML cohort (Table 1) . However, 61 and 50% of patients with 5q and/or 7q deletion, and 28 and 22% of patients with t(15;17) showed increased expression of Id1 and Id2, respectively, suggesting that elevated Id1 expression may contribute to a block in granulocyte differentiation (Table 1 ). In addition, a significant number of AML patients with a normal karyotype showed increased Id1 (17%) and/or Id2 (14%) expressions. Id1 expression was not correlated with any specific cluster, whereas Id2 expression was highly represented in clusters 5, 10 and 12 among the 16 preestablished AML clusters in this cohort ( Figure 5 ). Among 78 patients, 23 AML patients having FLT3-ITD (29%) and 8 AML patients among 23 patients having EVI1 (35%) showed increased level of Id1 expression, whereas increased Id2 expression level correlated with NRAS (30%), KRAS (44%), CEBPA (6%) and EVI1(30%) expression, suggesting that Id gene expression may be induced by downstream signal transduction pathways of activated oncogenes in these AML. Lethally irradiated 8-to 12-week-old female C57BL/6 (CD45.1) mice (n ¼ 12 for each group) were transplanted with 1 Â 10 6 5FU-Id1 or 5FU-MSCV BMC and monitored. (a) Percent survival over time was shown with survival curve. Day 0 is the time of transplantation initiation. All mice with Id1 overexpressing hematopoietic cells (5FU-Id1) died within 12 months after injection, whereas control (5FU-MSCV) recipient mice survived. (b) Moribund animals were euthanized and BM, liver and spleen were prepared for histopathological examination. Arrow indicates extramedullary myeloid proliferation in recipient liver (H&E stain, Â 400). (c) Gross morphology of transplant recipient spleens (upper panel) and wet weight of spleens 6 months after transplantation (Po0.05). (d) BMC that express pMSCV-Id1-GFP or pMSCV-GFP from recipient mice were analysed for Gr-1/Mac-1 expression and prepared for morphologic examination. Giemsa stained cytospins from bone marrow sorted for green fluorescent protein (GFP)-positive (5FU-Id1; donor) and GFP-negative (host) cells, 316-330 days after transplantation; Â 1000 magnification. (e) GFP-positive donor cells (5FU-Id1) were cultured in methylcellulose to demonstrate colony forming units (CFU) potential. For MSCV-Id1-GFP BMC methylcellulose colony assays, cells were plated in 1.1% methylcellulose medium supplemented with 10% fetal calf serum (FCS), mSCF, mGM-CSF, mIL-3 at same concentrations as described in Materials and methods. Shown are two colonies representative of multiple colonies in bright field (left panels) and green fluorescence (right panels). (f) CFU were scored and data are presented as CFU per 1 Â 10 5 BMC±s.e.m. of triplicate plates.
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Additional genes (32) were identified as being positively correlated with the expression of Id1 and Id2, and 4 genes were negatively correlated (Supplementary Table  S3 ). Also, no CEBPA mutations were found in cases of AML with increased Id1. Collectively, Id1 is constitutively expressed in some AML or MDS patients' samples, and may contribute to the pathogenesis of AML or MDS in human.
Id1 expression is required for Mo7e cell growth in vitro
Based on the data that some human AML cell lines and AML patients samples show constitutively high levels of Id1 expression, we hypothesized that Id1 might contribute to the deregulated growth of human AML cells. Therefore, we knocked down Id1 expression in Mo7e cells using siRNA, and then measured cell growth in vitro by determining viable cell number with trypan blue exclusion method. At 48 h after electroporation, Id1 protein expression was significantly reduced in Mo7e cells treated with increasing amounts of Id1 siRNA, but not in those cells treated with control siRNA (Figure 6a ). Total viable cell growth of Mo7e cells was also decreased by more than 90% compared to the cells transfected with nonspecific siRNA 72 h after transfection (Mo7e þ CTRL: 54.67 ± 5.4, Mo7e þ siRNA: 3.37±0.5 Â 10 5 cells, *Po0.01; Figure 6b ). Thus, Id1 expression is required to maintain the pathologic hyperproliferation of Mo7e cells, and Id1 may represent a valid molecular target to inhibit the growth of Id1 overexpressing AML.
Cdk inhibitor expression is reduced during Id1-mediated immortalization of hematopoietic progenitor cells
We found that overexpression of Id1 leads to the immortalization of SCF-dependent CMP-like cells (5FU-Id1 clones). To investigate the mechanism(s) by which Id1 immortalizes hematopoietic progenitors, we evaluated the expression levels of the cyclin-dependent kinase (Cdk) inhibitors, which have been shown to be decreased by Id1 in other cell systems (Prabhu et al., 1997; Pagliuca et al., 2000; Alani et al., 2001) . To do this, cell lysates from bulk cultures of 5FU-Id1 or 5FU-MSCV were obtained, and compared p15, p16, p19 and p21 expressions over time. However, as 5FU-MSCV BMC did not proliferate after 1 month, the expression level of p15, p16, p19 and p21 in 5FU-Id1 BMC was compared to 1 month 5FU-MSCV BMC. The expressions of p15, p16, p19 and p21 were reduced or lost during Id1-mediated immortalization of SCF-dependent BMC. Specifically, p15, p21 and p19 expression were not detected after 1, 3 and 7 months, respectively, and p16 was reduced to low levels after 9 months (Figure 6c) . Thus, reduced Cdk inhibitor expression could contribute to the immortalization of BMC progenitors. However, additional studies will be required to determine if these effect are direct, and if other pathways are involved.
Discussion
Id genes normally function to inhibit the differentiation and enhance cell proliferation (Jen et al., 1992; Kreider et al., 1992; Alani et al., 1999) . Thus, deregulation of Id gene expression could readily contribute to cancer initiation or promotion by disrupting these normal cellular processes. In this report, we show that constitutive Id1 gene expression immortalizes murine hematopoietic progenitors in vitro, and promotes an MPD in vivo suggesting that deregulated Id gene expression may contribute to human AML, because MPD often precedes AML. In support of this hypothesis, we found that Id1 protein levels were elevated in human myeloid cell lines and AML patient samples in comparison to normal BM and PB. In addition, we found that AML patients expressing Id1 were highly represented in a cohort of 285 AML patient samples, further indicating that deregulated Id1 genes may contribute to the progression or the initiation of AML.
In previous studies, T-cell hyperplasia and T-cell lymphomas have been observed in transgenic mouse models that express high levels of Id1 in developing T cells (Kim et al., 1999) . Because this phenotype is also observed in E2A À/À mice, deregulated Id gene expression is considered to contribute to the development of T-cell lymphoma by inhibiting the transcriptional activity of E proteins, or E protein silencing (Bain et al., 1997) .
In comparison, we found that mice transplanted with Id1 overexpressing BMC do not develop lymphomas, but rather an MPD. We have shown that long-term repopulating myeloid cells express significantly higher levels of Id1 than T cells in mice transplanted with Id1 overexpressing HSC (Leeanansaksiri et al., 2005) . Therefore, it is likely that T cells with the highest levels of Id1 would undergo apoptosis, whereas T cells that express lower levels of Id1 would survive and repopulate in the host. We speculate that the difference between the lymphoma development in Id1 transgenic mouse model and MPD in our transplantation model may be due to the levels of Id1 expression. E protein silencing has also been implicated in myeloid hyperplasia and malignancies resulting from deregulated expression of SCL/TAL-1, a bHLH transcription factor that binds E2A, and AML1-ETO fusion proteins produced by t(8;21) (O'Neil et al., 2004; Zhang et al., 2004) . Specifically, deregulated expression of SCL/TAL-1 in HSC/HPC leads to increased myeloid proliferation in vitro and in vivo, suggesting that SCL/TAL-1 and Id1 may function similarly to induce myeloid hyperplasia (Kunisato et al., 2004) . AML1-ETO also induces a myeloid leukemia via E protein silencing by a mechanism distinct from Id proteins, which involves in aberrant cofactor exchange (Zhang et al., 2004) . Thus, E protein silencing may represent a common mechanism that contributes to myeloid hyperplasia and disease.
Acute leukemia is characterized by enhanced proliferation and survival with impaired differentiation, and develops as a result of a multistep process involving several gene mutations. To date, no single mutation is sufficient to cause acute leukemia in humans (Grisolano et al., 1997; He et al., 1997; Castilla et al., 1999; Higuchi et al., 2002) . We found that mice transplanted with 5FU-Id1 BMC show an increase in the percentage of immature donor (GFP þ ) myeloid cells in BM, and develop an MPD after a long latency, suggesting that Id1 overexpression sustains active cell cycling, expands the primitive progenitor compartment, but does not prevent differentiation in vivo in which hematopoietic cells are continuously stimulated to differentiate by extrinsic signals. Consistent with this observation, we found that cloned Id1 overexpressing CMP-like immortalized cells could be induced differentiate into neutrophils and macrophages when cultured in GM-CSF, G-CSF or M-CSF, demonstrating these progenitors were not completely blocked in differentiation. Thus, the ability of Id1 to prevent hematopoietic progenitor differentiation can be overridden by specific myeloid growth factors including G-CSF, GM-CSF and M-CSF, suggesting that the BM microenvironment may contribute to the leukemogenic process in vivo.
No chromosomal translocations, deletions or mutations involving Id1 gene, have been identified to date. However, in a separate study to identify the molecular signature of stem cells in patients with MDS, which also progress to AML in some cases, Id1 gene expression was upregulated in purified human CD34 þ CD38 þ Thy-1 þ stem cells from MDS patients with 5q deletion compared to normal stem cells, suggesting that Id Id1 siRNA oligo or control oligo with designated concentration in 100 ml buffer. Immediately following electroporation, cells were seeded at a concentration of 1 Â 10 6 cells per ml in culture containing RPMI 1640, 10% fetal calf serum (FCS), 20 ng/ml granulocyte monocyte colony-stimulating factor (GM-CSF) and 100 ng/ml stem cell factor (SCF). Id1 protein knockdown was confirmed by western blotting 48 h after electroporation. (b) The viable cell number was determined each day over a 3-day period by trypan blue exclusion (*Po0.01). (c) Protein levels of cell cycle regulators in 5FU-Id1 BMC were measured by western blotting. 5FU-treated Id1 overexpressing BMC were maintained with CYTOKINES (SCF þ Flt3-L þ IL-6 þ TPO) over 9 months (M), and cells were harvested at the times indicated. Western blot of the total cellular extracts from the cells was probed with p15, p16, p19 and p21 antibodies. The blot was stripped and reprobed with anti-actin antibody to verify equal protein loading.
genes may contribute to the enhanced proliferation of 5q-MDS stem/progenitor cells (Nilsson et al., 2007) . Id genes are induced by growth factors including VEGF, IGF1 and cytokines that activate the RASmitogen-activated protein kinase and phosphatidylinositol 3-kinase signal transduction pathways, and bone morphogenetic protein (BMP)2/4 and transforming growth factor-b (TGF-b) that activate SMAD signal transduction pathways, suggesting that oncogenic activation of these signal transduction pathways could result in deregulated Id gene expression and contribute to cancer (Hollnagel et al., 1999; Lyden et al., 2001; Belletti et al., 2002; Kang et al., 2003) . We found that AML patients' BMC-expressing Id1 are correlated with activating FLT3 mutations, elevated NRAS, and Evi-1 gene expression, which could lead to increased Id1 expression in these patients. Although the precise molecular mechanism(s) by which deregulated Id gene expression contributes to MPD and tumor progression are not completely known, deregulated Id gene expression can affect key cell proliferation pathways, which lead to enhanced cell proliferation (Prabhu et al., 1997; Pagliuca et al., 2000; Alani et al., 2001) . We found that the levels of p15, p16, p19 and p21 were decreased during the immortalization of CMP-like BM progenitors. These changes occurred over a long period in culture, suggesting these effects might be indirect.
In summary, using a murine BMC transplantation model and cell line models, we provide evidence that deregulated Id1 expression results in an MPD. Furthermore, we found that Id1 protein expression is upregulated in AML and MDS patient samples, and knock down of Id1 expression inhibits AML cell line growth. Collectively, these results suggest that Id1 may represent a potential therapeutic target for early stage intervention in the treatment of hematopoietic malignancy.
Materials and methods
Mice C57BL/6-CD45. 1, C57BL/6-CD45.2 mice (8-to 12-week old) were obtained from the animal production area at Charles Rivers Laboratories, NCI-Frederick (Frederick, MD, USA). Animal care was provided in accordance with the procedures outline in the 'Guide for Care and Use of Laboratory Animals' (National Institute of Health, Bethesda, MD, USA, 1996).
Retroviral transduction, transplantation and FACS analysis
Recombinant MSCV biscistronic retroviral vectors expressing murine Id1 and GFP were generated, transduced, sorted as previously described (Suh et al., 2006) . GFP þ cells were cultured in vitro or transplanted to 8-to 12-week-old recipient mice (C57BL/6-CD45.1). Repopulation of donor BMC was determined by analysing GFP þ cells in the PB or BM using FACScan (BD Biosciences, San Diego, CA, USA). BD CELLQuest software was used for fluorescence-activated cell sorting (FACS) analysis. All lineage specific antibodies and Tri-color streptavidin were from BD Biosciences. Gr-1, c-Kit, B220 and TER119 were PE-conjugated antibodies, whereas Sca-1, Mac-1, CD3 and CD71 were biotin-conjugated antibodies.
Soft agar colony assays and 3 H-thymidine incorporation assay Myeloid colony assay was performed as described (Suh et al., 2006) . To measure proliferation, transduced cells were plated at 5 Â 10 3 cells per well per 100 mL in triplicate in a 96-well plate (Corning, Corning, NY, USA). Cells were pulsed with 1 mCi of 3 H-thymidine per well (6.7 Ci/mmol, PerkinElmer Life Sciences Inc. Boston, MA, USA), and harvested onto a glassfiber filtermats (Filtermat A; Wallac Oy, Turku, Finland). Incorporated 3 H-thymidine was counted by 1205 BetaPlate liquid scintillation counter (LKB Wallac, PerkinElmer Life Sciences Inc.).
Human hematopoietic cells and cell lines DB, HF-urba (B cell); A301, Jurkat, kit225, HUT78, CEM-SS (T cell); K562 (erythroleukemia); HL60 (promyelocytic cell); MBO2, Mo7e, TF-1, UT7 (GM-CSF-dependent myeloid cell); THP1, U937 (myelomonocytic cell); KG1a (myeloblast cell) were chosen to examine the expression of Id1 protein. All cell lines were cultured in RPMI 1640 medium (Invitrogen, Carlsbad, CA, USA) with 10% fetal calf serum (Atlanta Biologicals, Atlanta, GA, USA) and P/S (Invitrogen; except UT-7 cells in cIMDM) with/without additional cytokines required for growth at 37 1C, with 5% CO 2 . Cryopreserved BM or PB cells from patients were used to check the expression of Id1 protein (18 AML, 2 MDS). All patients provided written informed consent according to The Johns Hopkins Medical Institutional Review Boards and guidelines.
Id1 knockdown with siRNA siRNA duplexes directed against the human Id1 RNA sequence (NM_002165) were synthesized by Dharmacon Inc. (Lafayette, CO, USA) using the Dharmacon SMART technology software. Four SMART-selected siRNA duplexes were synthesized and provided in a single pool (SiGENOME SMARTpool catalogue no.: M-005051-00). Nonspecific sense strands were used as negative control (SiCONTROL nontargeting siRNA Pool; D-001206-13-05). siRNAs were mixed with 'Human CD34 þ cell Nucleofactor' solution and Mo7e human leukemic cells were transfected using the Nucleofactor I transfection device according to the protocol (program: U-008) provided by Amaxa Inc. (Gaithersburg, MD, USA).
Western blot analysis Denatured cell lysates were loaded on gradient SDS-polyacrylamide gel electrophoresis (Invitrogen) and transferred to Immobilon-P membranes (Millipore, Billerica, MA, USA). The membranes were blocked at room temperature in 5% milk/Tris-buffered saline Tween solution, and then probed with anti-mouse Id1 (sc-488), anti-mouse p15 (sc-611), p16 (sc-1207), p21 (sc-6246) or anti-mouse a-actin antibodies (sc-8432; all from Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) or anti-mouse p19 (ab 80-100; Abcam, Cambridge, MA, USA).
RT-PCR
Total RNA was purified using RNeasy (Qiagen, Valencia, CA, USA) and reverse transcribed to cDNA with Moloney murine leukemia virus reverse transcriptase (Applied Biosystems, Foster City, CA, USA). The PCR was conducted using Ampli-Taq DNA polymerase (PerkinElmer Life Sciences Inc.). PCR amplification cycles consisted of 30 s at 94 1C, 30 s at 58 1C and 1 min at 72 1C, 40 cycles. The primer sets used were as given in Supplementary Table S4. 
